Thoracocardiography noninvasively estimates left ventricular performance by recording ventricular volume curves with inductive plethysmography. We studied timing of these curves to evaluate their potential to accurately track To test this hypothesis, we compared thoracocardiographic-derived systolic time intervals to those obtained simultaneously by high fidelity applanation tonometry of carotid arterial pressure pulse contour5'6 combined with phonocardiography.
Thoracocardiography noninvasively estimates left ventricular performance by recording ventricular volume curves with inductive plethysmography. We studied timing of these curves to evaluate their potential to accurately track systolic time intervals in comparison with standard methods. Thoracocardiographic left ventricular volume curves, carotid pressure pulses determined by applanation tonometry, the phonocardiogram and ECG were recorded simultaneously in ten normal subjects at various body positions achieved with a tilt table. An equation was derived to predict preejection period from onset of ejection in thoracocardiographic curves. Ventricular ejection time was calculated as total electromechanical systole obtained by phonocardiography minus preejection period. The equation was validated prospectively in 31 measurements in critically ill patients. In normal subjects, the interval ECG Q wave to ejection onset in thoracocardiographic curves correlated well with preejection period from applanation tonometry and phonocardiography (r=0.92; standard error of estimate (SEE), 8 ms; p <0.001). Thoracocardiographic curves showed a delay that varied with body position according to the regression equation: delay=40 ms+lOXsine (tilt angle) (where r=0.62; SEE, 7 ms; p Systolic time intervals reflect left ventricular systolic performance at rest' and during exercise2 in patients with coronary artery disease, and they may be of prognostic significance after myocardial infarction.3 Since traditional measurement of systolic time intervals from the carotid pulse contour and the phonocardiogram depends on holding a transducer in the hand and is sensitive to artifacts from movement and respiration, it is rarely used in today's clinical practice. Detailed information on left ventricular systolic performance including systolic time intervals can be obtained with two-dimensional and Doppler echocardiography. However, requirements for presence of an experienced examiner make this technique less applicable for continuous monitoring Mean waveforms from ECG-triggered ensemble averaging over 20 to 40 heart cycles were analyzed. A computer algorithm automatically set cursors on the Q wave of the ECG, the first high frequency (aortic) component of the second heart sound, and the beginning of ejection in thoracocardiographic ventricular volume curves, defined as the beginning of the major systolic deflection (Fig 1) . The time intervals of the Q wave to the beginning of ejection from thoracocardiographic waveforms (Q-EJTCG) and Q wave to the first high frequency component of the second heart sound (total electromechanical systole) were calculated.7 Computer-assisted analysis of the mean carotid pulse waveforms from identical beats as used for thoracocardiographic measurements provided left ventricular ejection time (LVET) as the difference between Q wave to the incisura and Q wave to the carotid arterial upstroke; the preejection period (PEP) was calculated as the difference between total electromechanical systole and LVET (Fig 1) . In normal subjects, comparisons between methods were based on average values from measurements on three consecutive mean waveforms. In patients, measurements on one mean corresponding waveform from each method were used for comparisons. The analysis was blinded and performed independently for thoracocardiography and applanation tonometry.
Studies in Normal Subjects
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tProbability is less than 0.05 for comparison of (Q-EJTCG-PEPCAR) with value from tidal and slow breathing. It was not significant for all other comparisons between modes of breathing.
tThe PEPCAR was determined with applanation tonometry of the carotid pulse and phonocardiography.
Studies in Patients Seven male and 16 female patients (mean age, 73 years; range, 20 to 91 years) in the ICU were studied to prospectively evaluate agreement in determination of systolic time intervals by thoracocardiography and applanation tonometry combined with phonocardiography. Characteristics of the patients are listed in Table 1 . Data were collected over 2 to 3 min during natural breathing or mechanical ventilation. In seven patients, a total of eight repeated measurements were performed within 24 to 48 h after the initial measurements or after mechanical ventilation was discontinued.
Statistical Analysis
For measurements in normal subjects, the concordance between PEP obtained from carotid pulse contour and phonocardiogram (PEPCAR) and the corresponding Q-EJTCG was expressed as the coefficient of correlation. The effect of the mode of breathing and of the tilt angle on time intervals was evaluated by analysis of variance. Linear regression analysis was performed on the differences (Q-EJTCG-PEPCAR) versus the sine of the tilt angle. In normal subjects and patients, the following regression 
RESULTS
Normal Subjects Table 2 lists the results of measurements in normal subjects during tidal breathing, slow breathing, and breath holding at each position. The Q-EJTCG correlated closely with the PEPCAR (Fig 2) , but the former was consistently longer by a mean difference between 29 to 52 ms ( Table 2 ). With changes in body position from a +600 (head up) to -300 (head-down) angle, Q-EJTCG and PEPCAR as well as the difference between the two (Q-EJTCG-PEPCAR) decreased (Table 2 and 3). The regression equation for the difference (Q-EJTCG-PEPCAR) vs the sine of the tilt angle was difference (Q-EJTCG-PEPCAR) (ms)= 40+1OX sine (tilt angle) (ms), where r=0.62, SEE=7 ms, and the probability value is less than 0.01. It served to predict PEP estimated by thoracocardiography as
PEPCAR (ms)=Q-EJTCG-(40+l0Xsine [tilt angle])
(ms), ie, the difference (Q-EJTCG-PEPCAR) predicted from the regression equation as a function of the tilt angle was subtracted from the measured interval Q-EJTCG. The LVET was calculated from thoracocardiography as the difference between the interval of the Q wave to the second heart sound and PEPTCG. The waveforms in Figure 3 illustrate the effects of changes in body position on heart rate and systolic time intervals.
The average values (± SD) of the coefficients of variation (SD expressed as percentage of the mean) calculated in each subject for systolic time intervals from nine consecutive measurements during tidal breathing, slow breathing, and breath holding (three measurements with each respiratory maneuver) in the horizontal position were as follows: 6.5 ± 4.5% and 5.8 ± 1.9% for PEPTCG and PEPCAR, respectively (p=NS), and 2.5 ± 1.0% and 2.1 ± 0.8% for LVET by IQ-S2=total electromechanical systole; TCG=thoracocardiography; CAR=applanation tonometry of the carotid pressure pulse.
thoracocardiography and applanation tonometry, respectively (p=NS).
Patients
The 31 sets of systolic time intervals obtained in 23 patients with thoracocardiography and applanation tonometry combined with phonocardiography revealed close agreement between methods as illustrated-by the identity plot of the PEP/LVET ratio in Figure 4 and the precision and bias analysis in Table   4 . The PEPTCG exceeded corresponding PEPCAR by 3±7 (SD) ms. Values for PEP and for the PEP/ LVET ratio obtained by the two methods fell within ± 20% of each other in 100 and 87% of 31 comparisons, respectively. Trends of changes in systolic time intervals (PEP, LVET, and PEP/LVET ratio) from repeated measurements in seven patients were identical for both methods.
DISCUSSION

Principles of Methods
Applanation tonometry served as the reference method for measurement of LVET, since it provides pressure wave contours that closely correspond to intraarterial pressure recordings in the time domain and with spectral analysis.5'9 The PEP was derived traditionally from phonocardiographic measurement of total electromechanical systole and LVET.7
Computed tomographic cross sections of the chest depict the left ventricular cavity at or within 3 cm below the xiphoid process.'0 The thoracocardiographic transducer, which measures changes in the volume segment it encircles, was placed at this level. The site of waveform origin, predominantly or exclusively in the left ventricle, was confirmed by pronounced respiratory variation of stroke volumes typical for the left ventricle, ie, with mean stroke volumes in expiration exceeding those during inspiration.11 This, together with the finding of opposite or no variations of stroke volume with the respiratory cycle in normal subjects at transducer positions above the xiphoid process, suggests that thoracocardiographic ventricular volume curves reflect left ventricular and regional rather than global cardiac volume changes. This implies that with regional left ventricular dyskinesia, as in ischemic heart disease, systolic time intervals of thoracocardiographic left ventricular volume curves recorded from one transducer location may differ from those from another transducer location and from the arterial pressure wave contour. Potentially, such discrepancies in timing together with analysis of the appearance of ventricular volume curves from different transducer locations during baseline measurements or with exercise or pharmacologic intervention may help to detect dyskinetic contractions.
The Q-EJTCG intervals measured in this study were consistently higher than corresponding PEPCAR by a mean of 40 to 43 ms in normal subjects in the horizontal position (Table 2 ). This delay may correspond to the time required for propagation of volume pulses from the heart to reach the thoracocardiographic transducer at the surface of the chest.
Studies in Normal Subjects
The close correlation between Q-EJTCG and PEPCAR supports the hypothesis that thoracocardiography displays a left ventricular volume waveform that provides an estimate of PEP. The delay of thoracocardiographic waveforms had minor interindividual variation, and it changed predictably with body position. This allowed application of an equation to obtain corrected thoracocardiographic time intervals that closely agreed with values from applanation tonometry.
During passive head-up tilt, pooling of blood in dependent parts of the body diminishes preload with subsequent fall of stroke volume and cardiac output.12,13 Baroreceptor PEP, and reduction in duration of total systole associated with increased heart rate. 16 The changes in heart rate and systolic time intervals in our subjects are consistent with these adaptations, and corresponding values are similar to those reported for normal subjects during +30' and +600 head-up tilt. 16 In head-down tilt, left ventricular end-diastolic volume has been shown to increase as a result of the increase in preload. 17 
Studies in Patients
The excellent agreement between the two methods used in this prospective study provides evidence that thoracocardiography and applanation tonometry combined with phonocardiography are essentially equivalent for estimating systolic time intervals over a wide range of normal and abnormal values. Mean differences and mean absolute differences in PEP and the PEP/LVET ratio were in the range expected Thoracocardiographic from accuracy limitations of the sampling rates of the waveforms used for computations. Ratios of PEP/ LVET found to be above the normal range, defined as greater than 0.421 by one method, were abnormal by the other method as well in all comparisons (Fig  4) . This was tested in critically ill patients with various cardiac and noncardiac diseases resting in the most commonly encountered horizontal, supine position. Since none of them had overt right ventricular hypertrophy, we do not know whether in this condition systolic time intervals can be estimated with thoracocardiography at all, or whether they would reflect right rather than left ventricular ejection. The separate analysis of data from patients after thoracotomy and during mechanical ventilation suggests that thoracocardiographic-derived systolic time intervals obtained under such conditions are still valid as comparisons of the agreement in systolic time intervals estimated by the two methods and revealed no statistically significant differences between these subgroups and all patients (Table 4) .
CONCLUSION
Previous investigations demonstrated that changes in stroke volume and cardiac output may be derived from changes in the amplitude of ventricular volume curves recorded with thoracocardiography.4 The current study extends the validation of this method to measurements of timing of left ventricular ejection for estimation of systolic time intervals in combination with the phonocardiogram, thereby providing complementary information on left ventricular systolic performance. Since it does not depend on holding of a transducer in the hand nor bedside presence of an examiner, thoracocardiography may be used for continuous monitoring and sequential evaluation of patients in critical care settings.
